Abstract. A method is described for separating mesophyll and bundle sheath chloroplasts from the leaves of C4 plants. The agranal bundle sheath chloroplasts are inactive in the Hill reaction, whereas granal bundle sheath and granal mesophyll chloroplasts exhibit normal photosystem II activity. The agranal bundle sheath chloroplasts are deficient in photosystem II; they lack cytochrome b-559 and the fluorescence bands associated with photosystem II. All the chloroplasts exhibit photosystem I activity.
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Leaves of plants with the C4-dicarboxylic acid pathway of photosynthesis1 contain two distinctive layers of chlorophyll-containing cells: the outer mesophyll layer and the inner bundle sheath layer surrounding the vascular bundles.2 Chloroplasts of the mesophyll cells contain grana, but those of the bundle sheath exhibit varying degrees of grana development depending on the species. Earlier studies' in which leaf sections were treated with the Hill oxidant, tetranitro blue tetrazolium chloride (TNBT), showed that noncyclic electron flow from water was restricted to chloroplasts contaiuing grana. The agranal bundle sheath chloroplasts of Sorghum were incapable of TNBT reduction unless artificial electron donors were provided to photosystem I. This paper describes a technique for separating mesophyll and bundle sheath chloroplasts from the leaves of (X plants. The method is based on the differential resistance of the bundle sheath and mesophyll cells to breakage.4 The species used in this study were selected to provide a suitable range of grana development in the bundle sheath chioroplasts.
We have examined the photochemical and fluorescence properties and cytochrome contents of the isolated mesophyll and bundle sheath chloroplasts. The results indicate that the bundle sheath chloroplasts lacking grana are deficient in photosystem II but they contain an active photosystem I. Granacontaining chloroplasts, both mesophyll and bundle sheath, have a functional photosystem II. Materials Cytochromes were identified from reduced minus oxidized difference spectra, measured at 200C and 77°K in a Cary model 14R recording spectrometer, as described previously.5 Measurements at 77°K were performed in 60% glycerol by the single freezing procedure.
Fluorescence emission spectra at 77°K were recorded in 60% glycerol on a fluorescence spectrometer incorporating automatic correction for photomultiplier and monochromator responses, and variation in output of light source.6'7 Fluorescence quantum efficiencies were calculated as described previously.7
Results and Discussion. The mesophyll chloroplasts of Sorghum bicolor contain well-developed grana but the bundle sheath chloroplasts are transversed by single unappressed lamellae (agranal) . In contrast, grana are well developed in the bundle sheath chloroplasts of Atriplex spongiosa and somewhat less developed in the mesophyll cells.8 In Zea mays, the bundle sheath chloroplasts are essentially similar to those of Sorghum bicolor except for an occasional region of appressed lamellae; the mesophyll chloroplasts have good grana. The degree of grana formation in these species is reflected by the chlorophyll a/b ratios.9
Photochemical activities: Hill reaction activities of isolated chloroplasts with NADP as electron acceptor are shown in Table 1 . M\Iesophyll chloroplasts from the three species gave good rates of oxygen evolution and there were no significant differences between the species. In contrast, the bundle sheath chloroplasts of Sorghum were inactive in the Hill reaction and oxygen evolution was not detectable. Bundle sheath chloroplasts of Zea mays gave traces of oxygen, but the rates of evolution were very low. The bundle sheath chloroplasts of Atriplex gave rates of oxygen production comparable to those of its PROC. N. A. S. mesophyll chloroplasts. The chloroplasts of Sorghum and Zea which were inactive in the Hill reaction were able to photoreduce NADP, if provided with the electron donor ascorbate-DCIP (a photosystem I activity). The rates of photoreduction by these chloroplasts did not differ significantly from the rates obtained with the granal mesophyll chloroplasts (Table 1) .
Thus, there appears to be a good correlation between the ability of chloroplasts to evolve oxygen (a photosystem II activity) and the presence of grana. The traces of oxygen observed with bundle sheath chloroplasts of Zea may arise from the occasional regions of appressed lamellae observed in these chloroplasts.
We suggest, therefore, that the agranal bundle sheath chloroplasts of Sorghum and Zea either lack photosystem II or have an inactive photosystem II, whereas the granal bundle sheath chloroplasts of Atriplex exhibit normal photosystem II activity. The agranal chloroplasts of Sorghum and Zea, however, possess an active photosystem I.
Cytochromes: The light-induced absorbance changes observed with cytochrome f support the above suggestion. Cytochrome f, which is normally in the reduced state in isolated chloroplasts, is localized in photosystem I.10 It is oxidized by light absorbed by photosystem I, but not by light absorbed by photosystem II. Figure la shows the light-induced absorbance changes at 554 nm in the bundle sheath chloroplasts of Sorghum illuminated with 714 nm light. There is a rapid decrease in absorbance on turning on the light (oxidation of cytochrome f) and a return to the steady-state level on turning off the light. A spectrum for the absorbance change, obtained by varying the wavelength of the measuring beam, corresponds with the absorption spectrum of oxidized cytochrome f (Fig.  lb) . Similar results to those shown in Figure 1 were obtained with the mesophyll chloroplasts of Sorghum, and with the bundle sheath and mesophyll chloroplasts of Atriplex.
The effect of wavelength of monochromatic actinic light on the magnitude of the light-induced absorbance decrease at 554-nm was investigated for the mesophyll and bundle sheath chloroplasts of Sorghum and Atriplex. With the bundle sheath chloroplasts of Sorghum (Fig. 2a) mesophyll chioroplasts of Sorghum (Fig. 2b) was activated by 703, 714, and 732 nm light (photosystem I) but not by 650, 663, or 675 nm light (photosystem II).
In the presence of DCMU, cytochrome f oxidation was independent of wavelength. The bundle sheath (Fig. 2c) and mesophyll chioroplasts of Atriplex gave similar action spectra to those observed with the mesophyll chloroplasts of Sorghum.
Thus, after the addition of DCMU which inhibits electron flow in photosystem II, the granal chioroplasts, both mesophyll and bundle sheath, resemble the agranal bundle sheath chloroplasts. Neither the Hill reaction activities nor the light-induced absorbance changes permit us to determine whether photosystem II is absent or merely inactive in the agranal chioroplasts' of Sorghum and Zea.
We decided therefore to look for cytochrome b-559, a known component of
photosystem II in spinach chloroplasts.5 Reduced minus oxidized difference spectra of mesophyll chloroplasts from Sorghum ( Fig. 3a and b) closely resemble the corresponding difference spectra of spinach chloroplasts at 20'C and 770K.A
The ascorbate-reduced minus ferricyanide-oxidized difference spectrum shows peaks at 548 and 552 nm caused by cytochrome f and at 557 nm caused by cytochrome b-559. The dithionite-reduced minus ferricyanide-oxidized difference spectrum shows an enhanced peak at 557 nm and a shoulder at 561 nm because of cytochrome b6. We conclude that the Sorghum mesophyll chloroplasts contain cytochromes f, b6, and b-559 in about the same molar ratios as in spinach chloroplasts. The difference spectra of bundle sheath chloroplasts of Sorghum are shown in Figure 3c and d. The ascorbate-reduced minus ferricyanide-oxidized difference spectrum indicates the presence of cytochrome f, but cytochrome b-559 is barely detectable (the small amount may arise from slight contamination of the bundle sheath chloroplast fragments with fragments of mesophyll chloroplasts). The dithionite-reduced minus ferricyanide-oxidized difference spectrum indicates peaks at 548 and 552 nm caused by cytochrome f and at 557 and 561 nm caused by cytochrome b6. Room temperature difference spectra of Sorghum bundle sheath chloroplasts confirmed the absence of cytochrome b-559. The ascorbatereduced minus ferricyanide-oxidized difference spectrum showed a single band at 554 nm (cytochromef), while the dithionite-reduced minus ferricyanide-oxidized difference spectrum gave two bands at 554 nm (cytochrome f) and 563 nm (cytochrome b6). The Sorghum bundle sheath chloroplasts thus resemble the photosystem I fragments obtained by digitonin fragmentation of spinach chloroplasts.5
Fluorescence spectra: We have also examined the fluorescence emission spectra at 77°K of mesophyll and bundle sheath chloroplasts from the three species. Grana-containing spinach chloroplasts give a three-banded fluorescence emission spectrum at 77°K with maxima at 683, 695, and 735 nm.10 An earlier examination of the fluorescence properties of subehloroplast fragments enriched in photosystems I and II respectively, indicated that the emission band at 735 nm originates mainly from photosystem I and the bands at 683 and 695 nm come from photosystem 11.6 The mesophyll chloroplasts of Sorghum and both mesophyll and bundle sheath chloroplasts of Atriplex gave three-banded spectra (Figs. 4 
